Abstract: Background: Prolonged QRS duration is associated with decreased left ventricular (LV) systolic function. However, the relation between LV restrictive filling pattern (RFP) and QRS duration has not been investigated yet. The purpose of our study was to assess this relationship. Methods: We analyzed standard 12-lead surface electrocardiogram (ECG) of 155 consecutive patients. Mitral inflow and septal tissue velocities were obtained using the apical 4-chamber view with pulsed Doppler echocardiography. Patients were divided into 2 groups according to measured deceleration time (DT): restrictive (with DT ≤130 ms) or non-restrictive (with DT >130 ms). Results: QRS duration was significantly longer in the restrictive group than in the non-restrictive group (0.101 vs. 0.090 s, p < 0.0001). QRS duration of >0.10 s was highly specific (82.6%), but modestly sensitive (64.7%), for the prediction of LV RFP. Multivariate analyses demonstrated that E/A ratio, peak E, peak A, septal e', and a' velocities were significantly associated with RFP. Conclusions: Prolonged QRS duration (>0.10 s) obtained from a standard resting 12-lead ECG is associated with LV RFP. However, the relationship of QRS duration with RFP was not independent of echocardiographic parameters.
Introduction
The utility of the ECG for evaluation of cardiac dysfunction has been overshadowed by echocardiography. However, 12-lead electrocardiogram (ECG) is a relatively inexpensive, non-invasive, and rapidly performed test for detection of several cardiac pathologies. Previous studies have demonstrated that a normal 12-lead ECG in patients is a relatively sensitive and specific marker of normal left ventricular (LV) function [1] [2] [3] [4] . Murkofsky et al. [5] reported that prolonged QRS duration (>0.10 s) is a specific, but rather insensitive indicator of decreased LV systolic function. Furthermore, several prior studies have shown that QRS prolongation is associated with increased rates of cardiovascular events, sudden death, and all-cause mortality [6] [7] [8] [9] [10] .
Doppler echocardiography has been widely utilized as a non-invasive method for evaluating diastolic function. Doppler echocardiography may identify three main LV diastolic filling patterns using the mitral inflow: normal, impaired relaxation, or pseudonormal/restrictive filling pattern [11] . Previous studies showed that restrictive filling pattern (RFP) and especially shortened deceleration time (DT) is an independent predictor of adverse outcome in several clinical settings, including acute myocardial infarction, and cardiomyopathy [12] [13] [14] [15] [16] . The purpose of this study was to investigate whether prolonged QRS interval duration is associated with LV RFP.
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Methods

Patients
We prospectively enrolled 155 patients among 343 patients, who were consecutively referred to our echocardiography laboratory for the detection of possible cardiac disease. Exclusion criteria were atrial fibrillation, significant valvular heart disease, typical left or right bundle block, recent myocardial infarction, pacemaker rhythm, and usage of antiarrhythmic drugs. All patients had 12-lead resting ECGs.
Electrocardiographic analysis
Standard resting 12-lead ECGs were obtained at 50 mm/s and 1mV/cm standardization using the Hewlett-Packard Pagewriter Xli Cardiograph (HP, Andover, MA). The ECGs for all patients were reviewed by one of the investigators who were not aware of the echocardiographic data. The widest QRS duration was measured manually in a random sample of 39 ECGs. Manual data were compared to automatized measurements of QRS duration. There was an excellent correlation between the manual and the computer-obtained measurements (r = 0.94, p = 0.0001). Therefore, the computer-measured QRS duration was used for all analyses.
Echocardiography
Two-dimensional and Doppler echocardiographic examinations were performed by the same examiner with a Hewlett-Packard sonos 5500 echocardiography machine using a 2.5-MHz transducer. LV end-diastolic and end-systolic volumes and ejection fraction (EF) were measured from the apical 2 and 4 chamber views using the Simpson biplane formula according to the recommendations of the American Society of Echocardiography [17] . Tracing of the endocardial borders in end-diastole and end-systole was performed in the technically best cardiac cycle.
LV diastolic filling patterns were determined by the mitral inflow pulsed-wave Doppler examinations. In the apical 4-chamber view, the Doppler sample volume was placed in the middle of the LV inflow tract 1 cm below the plane of mitral annulus between the mitral leaflet tips, where maximal flow velocity in early diastole was recorded [18] . Average values were calculated for the following transmitral parameters using Doppler spectra of 3-5 consecutive cardiac cycles: peak flow velocity of early filling (E), peak flow velocity at atrial contraction (A), their ratio (E/A), and DT of early filling. The isovolumetric relaxation time (IVRT), defined as the time from aortic valve closure to mitral valve opening, was assessed by simultaneously measuring the flow into the LV outflow tract and mitral inflow by Doppler echocardiography [17] . Irrespective of filling profile, patients were assigned to one of two groups: restrictive (with DT ≤130 ms) or non-restrictive (with DT >130 ms) according to DT values. This cutoff point has been shown to be consistent with restrictive hemodynamics and a powerful independent predictor of unfavorable outcome after acute myocardial infarction [19, 20] . Septal tissue Doppler velocities were also acquired using apical 4-chamber view [17] . For each measurement, averaged data were used from three uniform consecutive cardiac cycles. LV mass was calculated according to Devereux formula.
Statistical analysis
Data was analyzed by SPSS for Windows, version 11.5 (SPSS Inc., Chicago, IL, USA). The distributions of continuous variables were determined by KolmogorovSmirnov test. Data were presented as median (25%/75% interquartile range) or mean ± standard deviation, where applicable. The chi-square test was used for intergroup comparisons. Continuous variables were compared using the Student's t or Mann-Whitney U tests as appropriate. In addition, the sensitivity and specificity of ECG criteria for predicting LV RFP were determined. The correlation between DT and various electrocardiographic and echocardiographic parameters was analyzed using the Spearman's test. Multiple linear regression analysis was used to determine the predictor(s) with the greatest effect on the presence of restrictive pattern after adjustment for possible confounding factors. Variables with a p value of <0.05 in the univariable test as well as all variables of known clinical importance were accepted as a candidate for the multivariable model. Standardized coefficient of regression and levels of significance for each independent variable were also calculated. All tests of significance were two-tailed. Statistical significance was defined as p < 0.05. Distribution of a prolonged QRS duration based on restrictive or non-restrictive filling pattern
Results
Patients were divided into the following two groups according to DT as restrictive (with DT ≤130 ms) or non-restrictive (with DT >130 ms). There were 34 patients (22%) in the restrictive group and 121 patients (78%) in the non-restrictive group. Patients with RFP were more likely to be men with increased prevalence of risk factors for coronary artery disease, except hypercholesterolemia. Demographic and clinical characteristics of the study population are reported in Table I . Electrocardiographic and main echocardiographic parameters of the two groups are presented in Table II .
The QRS duration in the restrictive group was significantly longer compared to non-restrictive group (p = 0.0001). As a group, patients with RFPs had more extensive (LV) dilation and a lower LV EF compared to patients without RFPs. Prolonged QRS duration, defined as QRS > 0.10 s, was detected in 22 patients (64.7%) in the restrictive group; whereas 21 patients (17.3%) had prolonged QRS in the non-restrictive group (p = 0.0001; Fig. 1 ). There existed a significant correlation between QRS duration and LV mass (r = 0.564, p < 0.0001). Tissue Doppler examinations demonstrated lower septal s' and a' velocities, and higher e'/a' ratio, in patients with restrictive filling. DT = deceleration time; IVRT = isovolumetric relaxation time; E peak = peak velocity of E wave; A peak = peak velocity of A wave; EF = ejection fraction; LVEDV = left ventricular end-diastolic volume; LVESV = left ventricular end-systolic volume; LV mass = left ventricular mass *Data presented as median (25%/75% interquartile range)
We calculated the sensitivity and specificity of prolonged QRS duration for prediction of RFP. For each successive 0.01 s increase in the definition of prolonged QRS duration (from 0.10 to 0.12 s) specificity increased from 82.6% to 96.8%, with a corresponding decrease in sensitivity from 64.7% to 11.7%.
Correlation analyses revealed that DT was related to IVRT, peak E, peak A, E/A ratio, LV EF, LV enddiastolic volume, LV end-systolic volume, and septal tissue Doppler velocities (Table III) . Multivariate analyses demonstrated that E/A ratio, peak E, peak A, septal e', and a' velocities were significantly associated with RFP (Tables IV and V).
Discussion
The results of our present study demonstrated that prolonged QRS duration (>0.10 s) on a standard 12-lead ECG was associated with LV RFP. To our knowledge, this study is the first to report a relation between QRS duration and LV RFP. However, the relationship between QRS duration and restrictive pattern was not independent, and only E/A ratio, peak E, peak A, septal e', and a' velocities were significantly associated with RFP. Interestingly, EF was not related to restrictive filling.
The resting 12-lead ECG is widely available for all patients with suspected cardiac disease. Previous studies indicated that the presence of normal resting ECG is associated with normal LV function in 92%-96% of cases [1] [2] [3] [4] . Although previous studies have shown that prolonged QRS interval duration is associated with decreased LV systolic function [5] [6] [7] [8] [9] [10] , the utility of QRS duration as a marker of LV RFP has been overlooked.
Pulsed wave Doppler assessment of the mitral valve is routinely used in clinical practice to assess LV diastolic filling non-invasively. Three progressive filling categories have been described: normal, impaired relaxation, and pseudonormal/restrictive filling pattern, based on early (E) and late (A) peak filling velocities, IVRT and E-wave DT [11] . RFP is associated with decreased LV compliance and is characterized by short IVRT, reduced mitral E-wave DT, and increased early-to-late peak flow velocity ratio. Doppler indexes are affected by a number of other physiological factors, including heart rate, LV systolic function, and ventricular preload and afterload [16] . However, recent experimental data suggest that early filling DT can quantitatively assess LV chamber stiffness independent of heart rate, contractility, and afterload [21] . For this reason, we used DT as means of assessing LV filling, irrespective of filling pattern, and we classified those with DT ≤130 ms as restrictive. Differentiation of RFP from a non-RFP provides important independent prognostic information. There is growing evidence indicating a strong association between RFP and adverse outcome [12] [13] [14] [15] [16] . Murkofsky et al. [5] reported that the presence of a non-specific prolonged QRS duration (>0.10 s) on standard resting 12-lead ECG without typical features of bundle branch block was indicative of decreased resting LV systolic function. As in the present study, several studies have shown that patients with RFPs had more extensive LV dilation and a lower LV EF compared to patients without RFPs [11] [12] [13] [14] [15] .
Although, QRS duration was longer in patients with RFP, this association was not independent. Moreover, only echocardiographic parameters of mitral inflow and tissue Doppler diastolic velocities were independently associated with DT. Therefore, we think that although longer QRS duration may identify RFP preceding echocardiography, this information loses its predictive value following Doppler echocardiographic evaluation.
Limitations
Invasive procedures were not routinely performed in this study. However, previous studies showed that echocardiographic measurements are related to invasive measures of pressure. In addition, this patient population consisted mostly of stable outpatients and a few stable inpatients without acute decompensation. Thus, these data cannot necessarily be applied to acute presentation of patients other than routine evaluation.
Conclusions
Our data suggests that the determination of QRS duration was highly predictive of LV RFP. Prolonged QRS (>0.10 s) was highly specific, but relatively insensitive, for predicting LV RFP. However, the relationship of QRS duration with RFP was not independent of echocardiographic parameters. 
